ABSTRACT Scale model experiments are described in which the contribution to the dipole magnetic field of a conducting sphere (simulating the earth's core) by initially closed, internal flux loops is measured. A magnetic loop is maintained by constant current in a toroidal coil, in a mercury sphere. The circuit is then opened, which allows the magnetic loop to diffuse and dissipate. The time development of the magnetic effects outside the sphere is recorded, especially the contribution in the dipole mode of the sphere. In a sample application of the result, a doughut-shaped flux loop, of major and minor radii 0.17 and 0.053 R& (Rc = earth's core radius) and centered at 0.68 Rc, of field strength 100 gauss, in optimal orientation and in a core of conductivity 3 X 10-6 emu is assumed. If one such flux loop is set free on the average of every 40 years, the earth's dipole field is maintained. The relative intensity of the short-lived nondile component that would accompan the process in the simpli ied example is estimated from the data and found not to be inconsistent with that observed in the real earth. Only the basic process of the feeding of a poloidal field by initially closed free flux loops in a static conducting sphere is investigated. The requirement that, in a real situation, the loops would have to be set free in a preferred orientation is discussed, and an existing model of a system that in-some degree answers the requirement is cited. Loops of magnetic flux that are closed within the earth's core can be generated by simple movements of the conducting fluid. But the problem of devising a velocity field that will generate directly a poloidal magnetic field has proved to be very complex and difficult. Therefore, secondary processes by which internal loops can feed the dipole field are of interest. Models using this principle have been proposed and treated theoretically (1). For the experiments to be reported here, the question is reduced to a form that should be independent of any particular model for a self-maintaining geomagnetic generator. It is: If a circular loop of flux is created, or allowed to dissipate, at a location within the core (but not at the center), what will be its transient effect outside of the core and its contribution to the main dipole field?
field strength 100 gauss, in optimal orientation and in a core of conductivity 3 X 10-6 emu is assumed. If one such flux loop is set free on the average of every 40 years, the earth's dipole field is maintained. The relative intensity of the short-lived nondile component that would accompan the process in the simpli ied example is estimated from the data and found not to be inconsistent with that observed in the real earth. Only the basic process of the feeding of a poloidal field by initially closed free flux loops in a static conducting sphere is investigated. The requirement that, in a real situation, the loops would have to be set free in a preferred orientation is discussed, and an existing model of a system that in-some degree answers the requirement is cited. Loops of magnetic flux that are closed within the earth's core can be generated by simple movements of the conducting fluid. But the problem of devising a velocity field that will generate directly a poloidal magnetic field has proved to be very complex and difficult. Therefore, secondary processes by which internal loops can feed the dipole field are of interest. Models using this principle have been proposed and treated theoretically (1) . For the experiments to be reported here, the question is reduced to a form that should be independent of any particular model for a self-maintaining geomagnetic generator. It is: If a circular loop of flux is created, or allowed to dissipate, at a location within the core (but not at the center), what will be its transient effect outside of the core and its contribution to the main dipole field?
In brief, the method used in the experiments was as follows. A closed magnetic loop, inside a sphere of mercury, was maintained constant by current in a toroidal coil. The electrical circuit was then opened, which set the magnetic loop free to diffuse and dissipate.* The time development of the magnetic effects outside the sphere were recorded. Quantitative ratios were obtained-for example, the flux that is found to be linking the core's equator at any time subsequent to the opening of the current circuit, relative to the flux initially in the toroid coil. For comparison purposes, similar measurements were made with a circular coil (dipole magnetic source).
The experiments were limited in the following way. First, it was not feasible to include effects of fluid motion. Although
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisenmnt" in accordance with 18 U. S. C. §1734 solely to indicate this fact. the scaling factors between the real core and the mercury sphere are such as to make electromagnetic measurements easy, they are not similarly favorable to the inclusion of effects of fluid motion. To give appreciable effects in the mercury sphere (magnetic Reynold's number >1), velocities of the order of 100 m/sec would be required, and that would not be feasible with the present model. All the measurements were therefore made with the fluid at rest, the fluid property serving only to make the placement of the sources easy. Second, possible contributions to the dipole field from a nominally toroidal field in the steady state were not considered. In the real core, "leakage" from a nominally toroidal field would be expected, even under steady-state conditions, due to unsymmetrical location in the sphere, spacially varying conductivity, etc. However, an internal, closed flux loop in principle has no external effect in the steady state, and it is the ideal loop that was studied here.
EXPERIMENTAL TECHNIQUE
The model of the earth's core was a 500-ml (4.94 cm diameter) spherical glass flask filled with mercury. This was large enough to give a convenient laboratory time scale for electromagnetic effects. The l/e decay period of its magnetic dipole mode was about 1/3 msec. If the conductivity, a, of the earth's core is taken to be 3 X 10-6 emu,t the time scale proportionality factor, a2a (a is any linear dimension), gives the ratio 1 msec in the model to 45,600 years in the earth's core.
For the purpose of description, the vertical axis of the mercury sphere is identified with the earth's axis of rotation. The toroidal coil was located so that its loop of flux was in a meridional plane and its center was in the equatorial plane of the sphere. The in Fig. 1 . For the normalization of all measurements, the flux initially in the toroid coil was measured by means of a two-turn coil wound directly over the turns of the toroid. A two-turn coil was wound over the circular coil for the same purpose. The signals from all the sensing coils were processed through an integrating circuit, so that flux linkages, rather than induced voltages, were recorded. The diagram of the system shown in Fig. 1 is self-explanatory; only a few points will be mentioned. The current in the coil was 3-4 amp, and it was turned on for 20 msec (which is about 60 times the relaxation time of the sphere), at 1-sec intervals. The opening of the coil circuit coincided with (in fact, was triggered by) one of the 104/sec time-mark pulses. The sweep of the oscilloscope was started 0.3 msec in advance of this. A single trace was photographed and then converted to a semi-logarithmic plot. Because the signals from the various pickup coils often differed by large factors, a calibrated voltage divider was essential. To give an idea of the signal level, in a typical measurement the peak voltage induced in the 15-turn equator pickup coil was a few hundredths of a volt.
The toroidal coils were made of no. 26 or no. 30 B & S gauge enameled wire, with, in most cases, spaces between adjacent turns. The reason for spacing the turns was to avoid presenting an insulating barrier to the diffusion of the currents induced in the mercury; that is, to minimize the effect of the presence of the wire after the circuit was opened and thereby to allow the loop of magnetic flux to produce its effects as if it were suddenly set free in the mercury.t Fig. 2 shows three examples of the toroidal coils, two space-wound and one close-wound. The vertical unit seen in each is a supporting spine of thin birch wood, to which the coils were bonded with epoxy resin. Separate pairs of leads from the right and left halves of each toroid were brought out, to provide the possibility of making the currents in the two halves slightly unequal. By this means a small vertical dipole moment due to lack of uniformity in the winding could be balanced out, should it be present. (The two-turn pickup coil by which the flux in the toroid was measured had not been installed when the toroids were photographed.) 
RESULTS
The oscilloscope trace in Fig. 3 is typical of the growth and decay of the field outside the sphere after the opening of the toroid circuit. Fig. 4 is a plot of two transients. The abscissa gives the time after the opening of the coil circuit, shown both in laboratory time and scaled-up earth time-Susing 3 X 10-6 emu for the conductivity, a, in the core and 1.04 X 10-5 emu for a in mercury at 23°). The ordinate gives the ratio of the flux,-Xc, linking the equator of the core to the flux, 'p, that linked the coil before the circuit was opened. It is, in a sense, the efficiency with which the flux initially in the coil transformed into flux external to the sphere, because, for symmetry reasons, all of the external flux linked the equator pickup coil. Curve 1 is a record, made for comparison purposes, of the free decay of the sphere when known to be excited in the dipole mode. The coil was a simple circular one, 0.95 cm in outer radius, 0.80 cm inner radius, and 0.40 cm in height. It was placed at the center of the sphere, with its axis coincident with the polar axis of the sphere. The early part of the curve shows a delay (propagation time from the center of the sphere to the outside). The late part assumes a slope that is taken to be that for the free decay of the dipole mode. The 1/e period, r, is 0.28 + 0.1 msec. This period scales up to 13,000 years for the real core, which is consistent with the value that is commonly quoted when 3 X 10-6 emu is used for a,. Curve Another set of measurements was made in which the flux density, BH, was recorded at a point (at 1.83 times the core radius) corresponding to a point on the earth's surface. The sensor was a small coil, oriented so as to measure BH parallel to the polar axis. The toroidal coil, inside the core, was the one already described and its offset from the center was the same as before, 3 .34 cm. Measurements were made with the pickup coil located on the equator at three different longitudes measured from the location of the source. In Fig. 5, curves 1, 3 , and 4 give these results for 00, 900 and 1800 longitude, respectively. A measurement was also made (curve 2, Fig. 5 ) in which the pickup was located at one of the poles. The residual dipole component in this curve was about twice that of the ones measured at the equator, as it should be. The ordinate scale in Fig. 5 gives the ratios of BH and of Bv (the vertical field at the pole) to Bo, the field initially in the toroid. It may be noted here that a composite of curves 1, 3, and 4 is not unlike the curve obtained when the pickup coil was wound around the equator (curve 2 in Fig. 4) dius of the core. oc/lo and BH/BO were measured. In the case of the latter, the toroid and the pickup coil were at the same longitude. The peak values and the values at 0.7 msec after the opening of the coil circuit are plotted in Fig. 6 . The toroid was the same one that was used for the other experiments. Its dimensions were such that it would intersect the surface of the core at offset 3.86 cm and the surface of the inner core at offset 2.84 cm: therefore, not all of the range of offset measured is realistic. Experimentally, all of the values were 0 at 0 offset, although this cannot be shown on the logarithmic plot. As is to be expected, the effect of moving the coil further inward was to weaken the short-lived, higher modes. This shifted the peak of the transient curve to later time. The effect, on BH/Bo, of moving the coil inward was much the same as that of moving it away from the sensor in longitude. DISCUSSION The first point to note is the rather high efficiency with which flux initially in the loop reappears in the dipole mode of the sphere. That the field does in fact become dipole in character is strongly suggested by the fact that all of the curves in Fig. 5 approach the slope expected (r = 0.28 msec as found from curve 1, Fig. 4) follow, the value of q5c/q5,, (0.045) at 0.3 msec on curve 2 of Fig.  4 is used. This is arbitrary, and it is intended to be conservative.
If the field of the core is that of a dipole of 8.1 X 1025 emu, it is readily calculated that the flux linking the equator of the core is 1.44 X 1018 gauss cm2. If r for free decay is 13,000 years, the makeup flux required per year in order to maintain a constant field is 1.1 X 1014 gauss cm2. The toroid used for the experiment of Fig. 5 (effective cross-section area, 0.216 cm2), when scaled up to real core size and at 100 gauss, would contain 1.1 X 1017 gauss cm2 flux. At 4.5% efficiency of adding its flux to that linking the core's equator (dipole component), one such "booster shot" approximately every 40 years would make up the loss from free decay.
A value the same as the one just calculated is obtained by starting with the value found for the contribution to the earth's horizontal field at the surface at the equator. Free decay would decrease this at about 2 X 10-5 gauss/year. For 100 gauss initially in the toroid, each pulse would add 8 X 10-4 gauss to the above (reading from curve 3, Fig. 5, at 0.3 msec) . Again, one such addition about every 40 years would maintain the dipole field.
Two serious qualifications must be made concerning the assumptions underlying the above calculations. The first concerns the assumption that the flux loops are in the optimal orientation and sense at the moment they start to diffuse, as they were in the experiment. The simplest mechanism one can think of for generating, and setting free, flux loops is a transitory differential rotation of a part of the fluid, in the presence of an external magnetic field-the classical concept of the homopolar dynamo that has often been described. The problem here is that such a generator has a self-cancelling feature in respect to its contribution to the poloidal field as measured in this experiment. Such a generator typically makes a pair of toroidal fields, having opposite sense; further, the transient magnetic effects outside the sphere that result from the appearance and from the disappearance of a flux loop are the same but of opposite sense. This self-cancelling feature is not necessarily fatal, however: mass motion of the fluid could be imagined to change the orientations of the loops appreciably between the times of appearance and disappearance, or in times of the same order as their life-times. The fluid velocity required would be no greater than that already called for by the magnetic Reynolds number, if generation of fields is assumed to take place on that scale of size. Also, the reorientation would have to occur preferentially; otherwise, the contributions to the main dipole field would only combine statistically and give a small effect. Parker's mechanism (1) for the formation of loops, in which they are twisted off from other fields by cyclonic whirls, holds possibilities both for bypassing the problem of the self-cancellation and for providing a preferred orientation.
The second qualification concerns the fact that in the experiments with the model it was not possible to include dynamic effects in the conducting fluid. These effects would be expected to modify the results primarily by distorting the diffusion pattern of the loops, after being set free. Also, as has been suggested (4), fluid motion would be expected to decrease the effective a and therefore the decay period of the dipole mode of the core. This would increase the required frequency of the booster shots.
It is of interest to consider the intensity of the nondipole field that would accompany the maintenance of the dipole field by the process just described. The nondipole field that results from an individual flux loop that originates at the same longitude and latitude as the sensor can be estimated from curve 1 in Fig. 5 . The peak value must represent mainly nondipole field. Under the conditions assumed earlier (100 gauss in the toroid), the peak would be 7 X 10-3 gauss. This is about an order of magnitude less than the typical nondipole field at a given locality on the earth and about an order of magnitude more than the increment we found that the same flux loop would contribute to the dipole field. Therefore, the answer must be sought by considering how the nondipole pulses will pile up. First, the nondipole contribution is strong only when the origin of the loop and the sensor are near the same longitude and latitude, as evident in Fig. 5 . This may introduce a factor 10 against the nondipole contribution, in comparison to the dipole contribution, which is not similarly localized. Second, the life-time of the nondipole component is shorter by, say, an order of magnitude, than that of the dipole component. By this crude analysis one can see that there may be two orders of magnitude against the nondipole component, which would bring it down to about 10% of the dipole component, and that is about the level it has in the real earth. Two additional considerations may give factors against the nondipole component. (i) The experimental curves were obtained by setting the flux loop free instantaneously. This gives the maximum of high-frequency content to the magnetic transient. In the practical case, the peak might not be so high.
(ii) Only passive screening effects are present in the experiments. If, for example, there is axially symmetric shear motion in the real core, the nonaxisymmetric field components will be screened selectively due to eddy currents, thus suppressing some nondipole components (5, 6) . In all of the foregoing estimates, the question of statistical fluctuations has been left out. An atGeophysics: Crane 4748 Geophysics: Crane Proc. Natl. Acad. Sci. USA 74 (1977) tempt to deal with that would have little meaning, in view of the unrealistic initial assumption of the optimal orientation of all the loops. About all that can be concluded about the nondipole field is that the experimental results do not indicate that it would be excessively high, in relation to the level existing in the real earth.
In conclusion, the experimental results presented do not lead to, or validate, a model for the generation of the earth's field, but they may contribute some quantitative elemental data that may be useful in evaluating certain models.
